Atmospheric methane mixing ratios were measured over the North Pacific during the winter season from 1987 to 1993 to extend our methane record since 1978. The latitudinal distribution of methane mixing ratio showed a north-to-south gradient from mid-latitudes to the equator every year. A sharp mixing ratio gradient often appeared at the boundary between the winter monsoon and the trade wind regions around 20°N. No significant longitudinal gradient was found during the winter season, although methane levels along the equator showed a large difference between the western and eastern Pacific. The overall methane increase rate in the western Pacific was estimated to be 13 ppb/yr on the basis of the long-term record for 15 years from 1978 to 1993. This record indicates that the methane growth rate over this Pacific region was gradually slowing down until 1990, followed by no significant increase in the 1990's. The overall deceleration of the growth rate was more rapid in the middle latitudinal zone (20°N 30°N) than in the lower latitudinal zone (3°N-20°N ). This latitudinal difference suggests a rapid reduction of methane emissions from the continental regions. The methane growth rate showed an interannual variation with an increasing trend around 1983 and 1987, which was roughly related to the El Niflo events. It is suggested that the methane growth rate was affected by a change of interhemispheric transport due to the ENSO events.
INTRODUCTION
Atmospheric methane is known as an important greenhouse gas that influences the radiative bal ance and climate of the earth by warming the troposphere and cooling the stratosphere. In addi tion, atmospheric methane is closely related to the chemical cycles of carbon monoxide, ozone, and water vapor by reaction with hydroxyl radicals. The main sources of atmospheric methane are es timated to be enteric fermentation, rice paddies, and wetlands (Cicerone and Oremland, 1988; Fung et al., 1991) . Methane is also emitted to the at mosphere from natural gas leakage, biomass burning, and termites. On the other hand, the main sink is oxidative reaction with hydroxyl radicals (Levy, 1971) . A minor sink is methane oxidation by bacteria in the soil. However, large uncertain ties in global estimation of their sources and sinks still remain (Fung et al., 1991) .
Ice-core records indicate that methane mixing ratio in the atmosphere has increased by about a factor of two in the last 150 years due to human activity (e.g. Etheridge et al., 1992) . In the late 1970's, accurate measurements of atmospheric methane started using a gas chromatograph with a flame ionization detector (GC/FID) (Fraser et al., 1986; Khalil and Rasmussen, 1983; Blake and Rowland, 1986; Matsueda et al., 1992) . These measurements clearly indicate that atmospheric methane had continued to increase at the rate of about 1%/yr around 1980. More recently, methane levels have been observed regularly at many re mote sites to globally determine the increasing trend (Steele et al., 1987; Blake and Rowland, 1988; Scheel et al., 1990; Aoki et al., 1992; Fraser et al., 1992; Khalil et al., 1993; Sugawara et al., 1994) . Methane continued to accumulate in. the atmosphere in the 1980's, but the global rate of increase has gradually slowed (e.g. Steele et al., 1992) . Steele et al. (1992) also observed that the global increase rate had interannual variations in both the Northern and Southern Hemispheres. Such growth rate variations are caused by a change in the relative strength between the sources and sinks, but a particular cause cannot be quantitatively identified at the moment. Thus, a long-term record of atmospheric methane measurements is necessary to better understand the growth rate variation in recent years.
In our Meteorological Research Institute/Geo chemical Research Laboratory (MRI/GRL), an analysis of methane by the GC-FID was first ap plied to maritime air samples collected over the western North Pacific from 1978 to 1986 (Matsueda et al., 1992) . A methane increase over the western North Pacific was observed in the previous study, but an interannual variation of the increase rate could not be identified due to the short-term of the record. In the present study, we continued to collect air samples over the same western Pacific region in order to extend our record of atmospheric methane from 1987 to 1993. Air sampling in the eastern Pacific was also per formed Sampling of the marine boundary air was per formed mainly using two research vessels during the winter season from 1987 to 1993. Air samples over the western North Pacific Ocean were col lected during January-February by a regular cruise of the R/V Ryofu Maru (RY) of the Japan Me teorological Agency (JMA). The RY cruise track, shown in Fig. 1 , 1989 , 1990 , and 1991 . The study area for the NA cruises was almost identical every year (Fig. 1) . Air samples were collected to observe two latitudinal distributions along 160°E-140°E and 160°W, and one longitu dinal distribution along the equator. Sample air at the marine boundary layer was drawn from the bow of the vessel by means of a diaphragm pump with a flow rate of 5-10 1/min. Air was passed through a filter (Millipore HA membrane filter, 0.45 µm) to remove aerosols and then cooled in an alcohol bath maintained at -60°C to reduce the water vapor . A cylindrical glass flask (200 ml) fitted with greaseless high vacuum stopcocks (J. Young Scientific Glassware Ltd., London, England) at both ends was used for collecting air samples. After flushing for 15 to 30 min, the sample air was pressurized in the flask to a pressure slightly above ambient. To avoid contaminations from the vessel, flask sampling was carried out by reference to the on board carbon dioxide measurements obtained by the NDIR method during the same cruise . All of the flasks containing sample air were stored at room temperature in the dark until analysis which was made within three months. Our storage test indicated that the methane content in the sampled air was stable in the flask for this period (Matsueda et al., 1992) .
Analytical method
The analytical method for methane measure ments in the sampled air was previously reported in detail (Matsueda et al., 1992; Matsueda, 1993) . The measurement system is briefly described be low. The methane was detected by a GC/FID (GC 16A; Shimadzu Japan) and the peak area was de termined using a chromatographic integrator (C R4A; Shimadzu Japan). Methane in the air was separated by a stainless-steel column (2 m long x 3 mm i.d.) packed with a Molecular Sieve 13X-S (60/80 mesh). Ultra pure nitrogen (>99.9999%) was used as a carrier gas. Injection of sample air onto the GC column was performed using a six port valve connected with a 5 ml sample loop. Before introducing it into the sample loop, the sampled air was dried by passing through a stain less steel tube immersed in an alcohol bath maind tained at -80°C. Our test of this drying method indicated that the measured mixing ratios were not affected by moisture in the sample air by the drying process. The analysis run of each sample consisted of 5 measurements so that the analytical variation of our method could be estimated. The average standard deviation thus obtained was 0.12% for the five repetitive measurements. All methane mixing ratios are reported in parts per million (ppm) or parts per billion (ppb) by mole fraction in dry air.
Our standard gases of methane in air were grouped into three classes: working, secondary, and primary standards. The working standard gas was analyzed between every sample air using an eight-position stream selection valve to compare with each measurement of the sampled air, while the linearity of the GC-FID response was checked routinely by several secondary standards with the methane mixing ratios from about 1.6 to 1.9 ppm. Both the working and secondary standard gases were prepared in steel or aluminum high-pressure cylinders (47 L or 48 L) by the volumetric method of the Nippon Sanso Corporation, Japan (NSC) and Takachiho Chemical Industry Co. LTD., Japan (TIC). The methane mixing ratios of the NSC and TIC standards were routinely calibrated relative to five primary standard gases prepared by the gravimetric method of the NSC following almost the same procedure as described by Aoki et al. (1992) . The calibration results since 1987 indicated that all of the working and secondary standard cylinders were stable with respect to methane (Matsueda, 1993) . Our MRI/GRL methane stan dard scale based on the gravimetric standard gases was compared with that used by the National Oceanic and Atmospheric Administration/Climate
Monitoring and Diagnostics Laboratory (NOAA/ CMDL) through an intercalibration experiment in 1992 (Matsueda, 1993) . The methane mixing ra tio determined by our standard scale was 23 ppb greater than that determined by the NOAA/CMDL scale for ambient mixing ratios. For comparison purposes 23 ppb was added to all NOAA/CMDL values to put them on the MRI/GRL scale. Since our previous measurements between 1978 and 1986 were calibrated using an old MRI/GRL standard gas scale (Matsueda, 1993) , their values were corrected on the basis of the same standard scale as used in this study. Thus, all of the mea surements from our laboratory and NOAA/CMDL are reported using the same MRI/GRL scale.
RESULTS
Latitudinal distributions observed by the RY cruises Figure 2 shows the atmospheric methane mix ing ratios along 137°E observed by the RY cruises from 1988 to 1993. The mixing ratios along this line in 1987 were reported previously (Matsueda et al., 1992) . Methane mixing ratios along 137°E were highest around 35°N and then decreased to ward the equator. This north-to-south gradient was observed every winter season. The difference of the methane mixing ratio between 35°N and the equator was about 60-100 ppb in this western Pacific region, although the mean methane level tended to increase during this period. The methane distribution in 1989 showed large variations with latitude, although no significant analytical error was found in any of the measure ments in this year. A similar large variation in 1989 was observed in the CO2 distributions mea sured during the same cruise . Abrupt changes of methane mixing ratios appeared around 33°N, 22°N, and 2°N in the 1989 distribution. These regions coincided well with a significant change of the wind direction and speed due to change of meteorological conditions on the synoptic scale. Similar variations associated with a sudden change in the wind field were observed around 24°N in 1990 and 1991, and 4°N in 1993. These results indicates that all measurements showed a real variation, which was not caused by contamination of the sampled air. Thus, no data selection was performed in the present study.
To compare with the data from NOAA/CMDL at four Pacific sites Dlugokencky et al., 1994) , monthly mean mixing ratios and their variabilities in January and Febru ary reported by NOAA/CMDL (1992) and NOAA/ CMDL (1994) were plotted together with our data (Fig. 2) . Our measurements were almost within the range of the temporal variations observed at Sand Island, Midway (MID, 28'13'N, 177'22'W) , Cape Kumukahi, Hawaii (KUM, 19°31' N, 154°49' W), and Guam (GMI, 13°26' N, 144°47' E), although the longitudes of MID and KUM located in the central Pacific are signifi cantly different from that of our study region. In contrast, the methane level was higher near the equator at 137°E than at Christmas Island (CHR, 1042' N, 157° 10' W) located in the central Pacific. From these results, it appears that a large gradient with longitude in the winter season was formed in the equatorial region of the Pacific. , 1989 , 1990 and 1991 . Illustration in 1987 , 1989 , 1990 and 1991 . The latitudinal distri butions in both regions showed a north-to-south decrease every year, and a sharp gradient was found near the boundary between the winter monsoon and the trade wind regions. Methane levels in both the western and eastern regions were similar to those of the MID, KUM, and GMI of the NOAA/CMDL stations, suggesting no signifi cant longitudinal gradient within the subtropical zone. Methane levels near the equator in the western Pacific were slightly higher than those of the CHR, while the measurements in the eastern Pacific showed almost the same values as those of the CHR. This difference between the western and eastern Pacific suggests a longitudinal change in methane level near the equatorial region. Figure 5 shows the longitudinal distributions along the equator (5°N-5°S) from 160°E to 160°W 
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This is equivalent to weighting the average by an appropriate surface area on a sphere, as described by Steele et al. (1987) . Table 1 summarizes the averaged methane mixing ratios between 3°N and 20°N in the four Pacific regions. This latitudinal zone was covered by all of the distribution data from 1978 to 1993. The averaged data in the four different Pacific regions showed a similar value every year, sug gesting no significant regional difference of mean methane level. Only one lower data was obtained, at 160°W in 1991, which is thought to be due to a large intrusion of low-methane air from the Southern Hemisphere in this year. Standard de viation of the averaged data among these regions was calculated to range from 1 to 11 ppb with a mean of 4.7 ppb, except for the data at 160°W in 1991. This deviation included several uncertain ties, such as the analytical error and a temporal variation during the sampling period from Janu ary to March. Considering these uncertainties, such a small difference suggests that an averaged methane value from any one observation line was representative of the mean level in the winter sea son over a wide region of the North Pacific.
Latitudinal distributions along the same 137°E line from 1978 to 1986 were reported previously Table 1 . Averaged methane mixing ratios (ppm) at four different North Pacific regions from 137°E, 128°E-137°E, 135°E :160°E, and 160°W observed during the northern winter season between 1978 and 1993. Calculation procedure is described in the text. -20°N 1978 1979 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 (Matsueda et al., 1992) . These distributions were also obtained during the winter season, as in the present study. Thus, a combination of the previ ous and present data enables us to estimate the long-term trend for 15 years from 1978 to 1993. To examine the latitudinal difference of the long term trend, the averaged methane mixing ratio along 137°E was calculated separately from 3°N to 20°N and from 20°N to 30°N. The methane distributions before 1986 were also grouped into two latitudinal zones of winter monsoon and trade wind regions at the boundary of about 20°N (Matsueda et al., 1992) . Table 1 summarizes the averaged methane levels for the two latitudinal zones from 1978 to 1993 calculated according to the procedure described above. Since the distri butions from 5°N to 25°N in 1984 and from 0° to 25°N in 1986 did not cover the latitudinal range from 3°N and 30°N, the measured values were extrapolated for the average calculation in these years.
Long-term trend
The averaged methane mixing ratios in both the lower (3°N-20°N) and middle (20°N-30°N) latitudinal zones along 137°E from 1978 to 1993 are plotted in Fig. 6 . There is no seasonal varia tion in this long-term record, all data were ob tained in the winter season. This record clearly shows an increase of mean methane level for the past 15 years. The recent growth rate of 9-11 ppb/ yr from 1987 to 1993 was calculated using a linear least square fit. This value is much smaller than the mean growth rate of 17 ppb/yr during the pre vious period from 1978 to 1986 observed along the same 137°E line (Matsueda et al., 1992) . This difference indicates that the growth rate was gradually slowing down during the last 15 years. A similar long-term decline of the growth rate was found in several other measurements since the late 1970's (Blake and Rowland, 1988; Fraser et al., 1992; Khalil et al., 1993) . Thus, we fit the data to the following equation,
to combine an increasing trend with a slowing down of the growth rate. The term t is time in years, where t = 0 at February 1986. The values of a, b, and c are coefficients determined using the least squares method. The best fit curve of Eq.
(2) is shown by a dashed line in Fig. 6 . Correlation coefficients were 0.989 and 0.984 in the lower and middle latitude zones, respectively. Overall growth rate from 1978 to 1993 was calculated to be 12.8 ppb/yr in the lower latitude zone and 13.0 ppb/yr in the middle latitude zone. These values were slightly higher than the methane growth rate of 11.3 ppb/yr in almost the same latitudinal zone estimated from a slightly shorter record between 1983 and 1991 . This difference is thought to be due to the estimation of the growth rate before 1983, because our longer record includes a period of higher growth rates of about 20 ppb/yr around 1980 (Blake and Rowland, 1988) . The overall trend of the methane increase was approximated by the quadratic equation, but a slightly larger difference between the data and the fitted curve still remained in both the lower and middle latitudinal zones (Fig. 6) . This difference indicates some interannual variations of the atmo spheric methane trend over this North Pacific re gion. Thus, the data were further analyzed ac cording to the following procedure to evaluate the interannual variation.
First, the best fit curve of the quadratic equa tion was subtracted from the data to yield residu als. Although our record has no data in 1980 and 1981, a linear interpolation between 1979 and 1992 was used to obtain equally-spaced residuals. Sec ond, the residuals were smoothed using a low pass filter with a cutoff point of 3 years to re move short-term variations, because it is difficult to examine short-term variations in data for only one season. Third, the filtered residuals were added to the fitted quadratic equation to obtain a func tion F(t), which was expressed by a cubic spline function (Greville, 1967) . The function F(t), which describes a long-term trend with an interannual variation, is shown by the solid line in Fig. 6 . Mean standard deviations of the differences be tween the data and the function F(t) were 3.8 ppb in the middle latitude zone and 3.4 ppb in the lower latitudinal zone. These differences were greatly reduced compared to the fitting using the function f(t).
The long-term record expressed by F(t) clearly shows an increase of the methane level before 1990, followed by a sudden reduction of the methane increase in the early 1990's. The growth rate from 1991 to 1993 was reduced to near zero in both the middle and lower latitude zones. The globally averaged data in the Northern Hemisphere also show a dramatic decrease of the growth rate around 1992 Sugawara et al., 1994) . This recent anomaly is the largest in our record of the past 15 years, although relatively smaller interannual variations occurred also before 1990. Thus, it is suggested that the cause for the large anomaly in the 1990's is different from the cause of the past interannual variations. Dlugokencky et al. (1994) pointed out that the recent anomaly was caused by a large reduction of the fossil-fuel methane emissions as a result of rapid economic changes in the former Soviet Union and Eastern Europe. Another pos sible cause is the eruption of Mount Pinatubo in 1991. The eruption may affect the methane emis sions from natural wetlands due to a change of the temperature and rainfall patterns (Rudolph, 1994) as well as the tropospheric methane cycle due to a change of stratospheric circulation (Schauffler and Daniel, 1994) . Several other pos sible causes were also proposed, but there is no conclusive evidence to quantitatively elucidate the large anomaly around 1992 at the moment (Rudolph, 1994) .
Overall growth rate Figure 7 (a) shows the derivatives of f(t), which describe the overall decreasing trend of the meth ane growth rate from 1978 to 1993. It is of inter est that the overall deceleration of the growth rate is more rapid in the middle latitudinal zone than in the lower latitudinal zone. The calculated values of their decelerations were -1.2 ppb/yr2 and -0.62 ppb/yr2 (twice the c coefficient of the quadratic equation) in the middle and lower latitude zones, respectively. The growth rate around the late 1970's in the middle latitudinal zone was more than 20 ppb/yr, which was greater than in the lower latitudinal zone. However, the relation be tween the lower and middle latitudinal zones was reversed around 1986. As a result of this reverse, a smaller growth rate after the late 1980's was found in the middle latitudinal zone. A similar latitudinal difference of the overall deceleration was observed in the global observation data Sugawara et al., 1994) .
The middle latitudinal zone with more rapid deceleration of the growth rate corresponds to higher methane mixing ratios, which are affected by the continental air from east Asia and east Si beria with the winter monsoon. In contrast, rela tively lower methane mixing ratios in the lower latitudinal zone correspond to the trade wind re gion far from the continental source, suggesting the methane sink regions (Harris et al., 1992) . This is consistent with the fact that a higher CO2 mix ing ratio north of 20°N is influenced by the an thropogenic and biospheric sources on land . This continental region is estimated to have large methane sources, including both the anthropogenic and natural emissions from gas leakage, methane hydrates, wetlands, and rice paddies (Matthews and Fung, 1987; Aselmann and Crutzen, 1989; Fung et al., 1991) . These results It is possible that the deceleration of the methane growth rate is caused by an enhancement of the methane sink due to an increase of the OH concentration. This possible cause was proposed by a global average OH trend estimated by using the trichloroethane data from 1978 to 1990 (Prinn et al., 1992) . Such OH increase is expected to lead to more rapid slowing of the growth rate in the lower latitudes, because most of the methane de struction by OH radicals occurs in the tropical regions. However, more rapid decline of the growth rate was observed in the middle latitudinal zone rather than in the lower latitudinal zone, suggesting no significant effect of the OH trend. This is consistent to more recent evaluations of the trichloroethane data based on a recent estima tion of industrial emissions and a revised calibra tion (Prinn et al., 1994) . On the other hand, the high precision 13C data of atmospheric methane in New Zealand from 1989 to 1993 (Lowe et al., 1994) showed no significant secular trend from 1989 to mid-1991, followed by a rapid 13C depletion. This 13C depletion coincides with a significant reduction of the methane growth rate since mid-1991, indicating the opposite sign of enhancement of OH oxidation From these results it is most likely that not methane oxidation but rather a change of the continental methane source strengths was more significant for the difference of the overall deceleration of the growth rate be tween the middle and lower zones in the western North Pacific. Unfortunately, the 13C data from 1978 to 1989 with large uncertainties (Stevens, 1993) is not sufficient to deduce which particular source had caused the rapid slowing of the growth rate. More isotopic studies combined with the mixing ratio measurements are necessary to better understand changes of the methane growth rate in the future.
Interannual variation of growth rate
Figure 7(b) shows the derivative of F(t) to examine the interannual variation of the CH4 growth rate in both the lower and middle latitudi nal zones. The growth rates in both the zones show a similar interannual variation. The overall growth rate tended to gradually decrease for the past 15
years, but an increase of the growth rate was found around 1982 and 1987 in both latitudinal zones. A similar interannual variation was also observed at Guam, one of the NOAA/CMDL sampling sta tion in the same western Pacific region . These increases of the growth rate almost coincided with the oneset of the El Niflo-Southern Oscillation (ENSO) events in 1982 -83 and 1986 -88 (Japan Meteorological Agency, 1993 . The growth rate slightly increased after the end of the ENSO events and then returned toward its past level. These results suggest that the methane growth rate in the Northern Hemi sphere is enhanced by the occurrence of the ENSO events. The recent ENSO event continued from 1991 to 1994 (Japan Meteorological Agency, 1994), but the effect of this event is unclear. It is probable that the effect of the ENSO event is largely masked by other factors, such as a large reduction of the anthropogenic methane emission and the eruption of Mount Pinatubo, as discussed above. In contrast, a decrease of the growth rate was found at the end of the La Nina event during -1989 (Japan Meteorological Agency, 1994 . It is difficult for our data with a low time-resolu tion to completely identify the effect of the La Nina event, because this event followed the El Nino during re ported that the methane growth rate in the North ern Hemisphere clearly decreased during the La Nina event in [1988] [1989] . From these results, it can be seen that the methane growth rate in the troposphere is affected by the El Nino and/or La Nina events, although other factors largely con tribute to the change of methane in the early 1990's. Prinn et al. (1992) pointed out that atmospheric trichloroethane concentration was influenced by a modulation of an interhemispheric transport be tween the hemispheres during an ENSO event. This hypothesis is consistent with the observed increase of the methane growth rate during an ENSO event, because a diminished interhemi spheric transport during this period would have led to an apparent increase of the methane abun dance in the Northern Hemisphere. Recently, sensitivity tests using a box model indicated that a change of the interhemispheric exchange rate could produce an interannual variation of the methane growth rate (Bakwin et al., 1994; Schauffler and Daniel, 1994) . These results suggest that a change of interhemispheric transport is one of the ENSO effects on the methane growth rate. On the other hand, another possible effect of the ENSO event is a change of the ecological envi ronment on land, which can affect methane fluxes from the biogenic sources such as wetlands, rice paddies, and biomass burning. However, no sig nificant signal of biogenic source is included in the distribution of trace gases such as trichloroethane (Prinn et al., 1992) and chlo rofluorocarbons (Elkins et al., 1993) , which also show a remarkable sensitivity to the ENSO event. From these results, it seems that not change in a biogenic source but of the interhemispheric trans port contributed to the change of the methane growth rate during the ENSO event. The results from aircraft observations indicated that the transport through the upper troposphere is impor tant for the interhemispheric exchange of the tro pospheric methane between the hemispheres (Fraser et al., 1986; Matsueda et al., 1993) . Thus, more observations in the upper troposphere are necessary to better understand the interannual variation of the atmospheric methane cycle due to an ENSO event.
